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The effect of the carrier-density variation on the crystal structure and properties of
Bil 7Pbo 3Srl 8Ca2Cu& 809 45+$ was studied by controlling the oxygen content. The kinetics of oxygen
sorption are found to depend on the temperature and the partial pressure of oxygen during annealing.
Also the oxygen trade is exactly reversible. The hole concentration p in the [CuO]+~ sheets changes
from 0.188 to 0.312 holes/CuO by heat treatment of the superconducting samples at appropriate oxygen
partial pressures. The c parameter also decreases by 0.2/o with variation of the hole concentration in
this range. The high-T, phase is also found to be stable against the reannealing process. However, two
additional peaks are observed in the x-ray-diffraction patterns of all samples which depend only on the
oxygen content. The change in the critical temperature due to the hole concentration is similar to other
p-type high-T, cuprates. The intragranular transition and the Josephson phase locking temperature
determined from ac-susceptibility measurements correspond to the midpoint temperature of resistivity
transition and zero-resistivity temperature, respectively. Although the intragranular transition tempera-
ture changes in a range of 2.5 K, the intergranular coupling is much more sensitive to the chemical
modification in CuO sheets and it varies in a range of 40 K. With oxygen intercalation, the Josephson
phase locking temperature of intergrain junctions approaches that of the intragrain value and the max-
imum value of T, . This result suggests that the anionic vacancies at grain boundaries play a special role
in the Josephson coupling.

I. INTRODUCTION

The crystal structure of copper oxide superconductors
is basically formed by the intergrowth of oxygen deficient
perovskite layers (3'Cu03+„) with insulating rock salt-

type AO planes. The oxidation of antiferromagnetic
[CuO]+~ sheets leads to superconductivity in these com-
pounds. The charge-carrier concentration that is deter-
mined by the overall chemistry of the system controls the
superconducting transition temperature. The amount of
charge transfer between the conduction layer and the
charge reservoir depends on the structure and also the
oxidation states of the metal cations. ' Therefore, the
charge concentration can be varied by the chemical
modification of the active CuO layer or adjacent layers by
the addition or removal of oxygen and/or by the met-
al cation substitution. Le Page et ah. observed that
the insertion of extra oxygen in the Bi layers causes the
incommensurate modulation in the structure of the
2:2:1:2phase. It has been demonstrated that the modu-
lation has significant effects on the band structure and the
extra oxygen causes distortion producing the electronic
carriers (holes or Cu ) in CuO sheets. Detailed bond-
length studies in the double layer Bi superconductors re-
sulted in that the Bi valency is less than +3 (Ref. 10).
This reduction reveals that the BiO layers are acting as
hole reservoirs. The transition temperature has been ob-
served to be sensitive to the oxygen stoichiometry in

bulk ' and in thin-film" samples of 110-K Bi supercon-
ductors. However, the correlation between the transport
properties and the crystal structure with different hole
concentrations has not been well established because of
the difficulties in preparing thermodynamically stable
samples.

The transport properties are very much affected by the
granular microstructure of high-T, ceramic superconduc-
tors. ' Dimos et al. ' demonstrated a strong dependence
of the critical current density at artificial grain boun-
daries of YBa2Cu307 s (YBCO) and, furthermore, that
grain boundaries with tilt angles larger than 3' —5' act like
SNS-type Josephson junctions. ' Deutscher and Miiller
showed, in particular, how planar defects should behave
as Josephson junctions with a depressed order parameter
when the coherence length is in the order of interatomic
distances. ' The degree of order-parameter depression is
very sensitive to the boundary crystallography. The ener-
gy dispersive x-ray analysis (EDX) in the scanning
transmission-electron microscope showed that the com-
position varies within a boundary and from boundary to
boundary. '

It was the aim of the present work to investigate the
inhuence of oxygen sorption on the hole concentration,
the crystal structure, and the transport properties of
110-K Bi superconductors. A series of samples was
prepared by annealing at different oxygen partial pres-
sures. The high-T, phase of the samples was found to be
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thermodynamically stable and allows the accommodation
of nonideal oxygen stoichiometries. The formal copper
valency varied between 2.188(2) and 2.312(4) as deter-
mined by chemical titration. From the analysis of x-ray-
diffraction (XRD) data and formal copper valency values,
it has been found that the oxygen sorption creates a
structural modification in the samples. In the overoxida-
tion region, this modification becomes important and the
c parameter sharply decreases. The critical parameters of
granular samples were deduced by ac susceptibility mea-
surements. The transition temperature is dependent on
the hole concentration and its variation is determined for
other p-type superconductors, but the inter granular
phase coherence is greatly affected by oxygen content.
The results of ac susceptibility measurements were dis-
cussed on the basis of the effect of the anionic vacancy or-
dering at grain boundaries.

II. EXPERIMENT

Samples of nominal compositions of
Bi, 7Pbo 3Sr»Ca2Cu2 809 45+$ were prepared by firing the
required quantities of well-mixed Bi2O3, PbO, SrCO3,
CaCO&, and CuO powders at 800'C for 24 h. The prod-
uct was ground, pelletized, and sintered at 845'C for 416
h with a few intermediate grindings. All the samples
were characterized by XRD using Ni filtered Cu Kn ra-
diation. The average formal oxidation state of copper
was obtained by Fe +—Cr207 titration. All the experi-
ments were run in Ar ambient, and the hole concentra-
tion was calculated with a relative error of 0.25%. Ther-
mogravimetric measurements were carried out with a
Dupont series 9000 thermal analysis system in different
atmospheres. The electrical resistivity measurements on
sintered pellets were made with a standard four-probe
technique using an ac measuring current of 1 mA at 16
Hz. The ac susceptibilities of the samples were measured
by a LR 400 mutual inductance bridge with a precision of
10 emu. The amplitude of the excitation field was 56
mOe, and the frequency of the field was 16 Hz.

III. RESULTS

The ac electrical resistivity measurements on the start-
ing sample as well as on the annealed samples showed
that the physical properties are reversible with changing
oxygen content (Fig. 1). The room-temperature resistivi-
ty of the starting sample is 1.7 mQ cm. The onset of su-
perconductivity starts at 112 K and zero resistivity tem-
perature ( T,o) is 103 K. The XRD pattern of the sample
[Fig. 4(a) j indicates a single superconducting phase
(n =3) with the lattice constants of a =5.398(3) A,
b =5.392(3) A, and c =37.09(2) A. This sample was an-
nealed again at 845 C for 4 h under air and then
quenched to room temperature in air. The room-
temperature resistivity of the air-quenched sample in-
creased to 13.2 mQ cm. The resistance versus tempera-
ture curve shows semiconducting behavior down to 120
K where the superconducting transition begins and zero
resistance is reached at 80 K. No other phases with
lower T, and no line splitting were observed in the XRD
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FIG. 1. Reversible electrical resistivity behavior in the start-
ing sample depending on the thermal annealing procedure. The
starting sample was annealed at 845'C for 4 h in air and then
air-quenched to room temperature. The annealed sample was
reheated at 845 'C for 4 h and then furnace cooled to room tem-
perature at an approximate rate of 200'C/h.

pattern of the quenched sample. This sample was rean-
nealed under air at 845 C for 4 h, then furnace cooled to
room temperature at an approximate rate of 200'C/h.
After this heat treatment, the zero resistance temperature
rose to 102.5 K. In the normal state, the metallic
behavior of the sample remained as that of the starting
sample, although its room-temperature resistivity was
two times larger than the latter. The c parameter in-
creased from 37.09(3) to 37.17(4) A after the starting sam-
ple was quenched from 845 C to room temperature in
air. The basal plane parameters remain approximately
the same within the accuracy of the measurement while
the c parameter changes. These observations clearly
demonstrate that the oxygen content controls the transi-
tion temperature as well as the c parameter. Hence, the
lattice expands with oxygen unloading as in YBCO. To
determine the amount of oxygen loss in the air-quenched
sample, thermogravimetric analysis was done. The sam-
ple was heated up to 845 C and then cooled down to the
room temperature at a rate of 10 C/min under oxygen
atmosphere. After this thermal cycle, the weight of the
sample increased by 0.16%%uo, which corresponds to nearly
0.1 oxygen atoms per formula unit, and the zero resis-
tance temperature shifted from 80 to 102.5 K. This oxy-
gen uptake of 0.1 atoms per formula unit diminishes the c
parameter to 37.10(3) A.

The oxygen dependency of the weight variation was in-
vestigated by thermogravimetric analysis (TEA) experi-
ments in different atmospheres. The starting sample was
heated up to 780'C and subsequently cooled at a rate of
10'C/min under argon Aow. After this reducing treat-
ment, the oxygen loss was 0.25 atoms per formula unit.
However, the sample was still superconducting, and the
XRD pattern showed a single phase with 110 K transi-
tion temperature. Reheating of the sample up to 845'C
was followed by a cooling process, first in air and then in
oxygen. Through these thermal cycles, the oxygen up-
take per formula unit were 0.12 atoms under air and 0.13
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FIG. 2. Thermogravimetric measurements for the starting
sample performed by heating and cooling in argon (solid line),
then reheating and cooling first in air (dashed line) and second,
in oxygen (dotted line) under normal pressure conditions. The
asterisk shows the start of the cycle, and arrows denote the
thermal annealing direction of the sample.

atoms under oxygen. Figure 2 shows the resulting TGA
trace. Note that the oxygen loss and sorption are reversi-
ble but small; 0.25 oxygen atoms as compared to the 0.9
for YBCO. The T,o of the sample also changed reversi-
bly after this treatment; it became 103 K, as for the start-
ing sample. The TGA trace shows also that the oxygen
intercalation increases with rising temperature. The oxy-
gen sorption under air reaches a maximum value of 0.23
atoms per formula unit at nearly 800'C. However, the
oxygen sorption per formula unit is 0.38 under oxygen at-
mosphere, while the sample adsorbed 0.12 atoms of oxy-
gen under air. These results indicate that the influence of
oxygen sorption on the annealing temperature is also a
function of the oxygen partial pressure.

The Cu valence and the oxygen content of the starting
sample have been measured by thermogravimetric
analysis (TGA) under a reducing atmosphere (H2) and
also by chemical titration. The redox titration using the
Fe(II)—Fe(III) couple was done in an Ar atmosphere to
prevent the contribution of any dissolved oxygen. Also,
the change of the reaction potential was followed by a
saturated calomel electrode versus a Pt electrode and the
formal copper valency in the starting sample was calcu-
lated as 2.215(3). The TGA trace obtained for the sample
is shown in Fig. 3. The hydrogen reduction was complet-
ed at nearly 520'C and this value is smaller than the ob-
served values. Although the determination of the tem-
perature at which the reduction is completed is straight-
forward, the calculation of the oxygen content from TGA
data is not so simple. The reason for this problem stems
from the formation of a second oxide phase, which was
determined to be Cu20 by an XRD pattern of the re-
duced phase. The accuracy of these techniques is limited
by difficulties in determining the exact elemental compo-
sitions of the reacting compounds, because of the ex-
istence of a minor phase in the form of
Bio O9Sro, 7Ca, &3Cuo 8003 oo as determined by EDX
analysis in the scanning electron microscope (SEM). The
physical properties are unaffected by this phase, since it is
in the form of isolated inclusions that comprise 2—5 % of
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FIG. 3. TGA trace of the sample showing the weight loss
due to reduction by heating up to 845'C at a rate of 10'C/min
under hydrogen.

the total volume. A weak refIection of 20 =36.4'
in Fig. 4 was attributed to this phase. ' The oxygen
content of the sample determined by chemical analysis
is slightly higher than the results of the TGA data.
Chemical titration gave an oxygen content of 9.751(3),
while TGA indicated 9.68(6) per formula unit of
Bi& 7Pbo 3Sri 8Ca2Cu2 809 45+$ These values are in agree-
ment within the experimental error.

TGA experiments in different atmospheres showed
that the superconducting phase is sensitive to the oxygen
partial pressure during thermal annealing. To study the
effects of oxygen on the crystal structure and physical
properties, the starting sample was equilibrated under ox-
ygen pressures of 15, 35, 65, 90, and 110 mbar at 750 C
for 12 h and then furnace cooled to room temperature.
The hole concentration p in the [CuO]+~ sheets was
determined by chemical analysis. Depending on the oxi-
dation state of the CuO sheets, the hole concentration in-
creases from 0.188(2) to 0.312(4) holes/CuO while the ox-
ygen partial pressure changes from 15 to 110 mbar. This
behavior shows that p increases with oxygen partial pres-
sure while the temperature is kept constant. The hole
concentrations of the samples annealed at 845'C (1000
mbar), and 750'C (90 mbar) were found to be 0.296(3)
and 0.309(4) holes/CuO, respectively. Therefore, the
preparation of the samples which have nearly the same p
values could be possible by shifting the applied oxygen
partial pressure I' to higher values with increasing an-
nealing temperature T. This behavior is also expected
from the ln[P/(aT ~ )] term of the chemical-potential
equation. '

The oxygen uptake causes changes in the x-ray-
diffraction patterns of the samples. Two additional peaks
were observed at 20=17.89' and 20=31.31, and these
peaks became stronger with increasing electron deficiency
in the CuO sheets (Fig. 4). Actually, these peaks were
also recorded for the starting sample as extremely weak
reflections [inset of Fig. 4(a)]. They cannot be connected
with the minor phase (Sr,Ca)zCu03, since the intensity of
the 36.4 peak corresponding to this phase stays un-
changed by oxygen uptake. Besides, no significant
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FIG. 5. The variation of the c parameter depending on the
hole concentration. (A) the starting sample; (f) the slowly
cooled sample with a rate of 100 C/h under air.

intragrain and intergrain coupling energies. ' In high-T,
superconductors, the coherence length of superconduct-
ing pairs is extremely small [g&L(0)=20 A] (Ref. 22) and
the diamagnetic shielding wiH strongly feel inhomo-
geneities in local hole concentration at the grain boun-
daries and within grains. This is caused by the local
weakening of superconductivity that controls the elemen-
tary Aux-pinning interaction. The large width of the di-
amagnetic transitions and especially the small third tran-
sition near 50 K in high-T samples indicate the existence
of inhomogeneities in intragrain and intergrain coupling
energies [Fig. 6(a)]. In Bi cuprates, the exact nature of
cationic nonstoichiometry' creates a local variation in
the oxygen content. Therefore, a uniform oxygen
stoichiometry in the samples is not expected. The width
of intragranular transition [inset of Fig. 6(a)] is increased
only in the overoxidation region due to the increased in-
homogeneity in oxygen content of the grains. On the
other side, the oxygen content influences the magnitude
of the small intergranular transition and the diamagnetic

sheets, the variation of the basal plane parameters is un-
detectable within our experimental resolution.

The effects of the chemical modification on the critical
parameters were investigated by ac susceptibility and
electrical resistivity measurements. The real part of the
ac susceptibility y'( T) shows a two-stage behavior due to
phase coherence in the grains and between grains as seen
in Fig. 6(a). The granular microstructure of the samples
strongly infiuences the physical properties. The in-
tragrain transition and the intergranular phase locking
temperatures are denoted by T, and T, respectively. T,
is defined as the inAection point of the high-temperature
transition of g'(T). T/ is the temperature where the
imaginary part of susceptibility increases from zero and it
also corresponds to the onset of the low-temperature
transition. The imaginary part y"(T) exhibits an inter-
granular loss peak and it starts at T since the applied
field strength is greater than the Josephson lower critical
field. On the other hand, intragranular loss peak was not
observed for the fields up to 12.23 Oe, indicating that the
intragranular lower critical field of the reannealed sam-
ples is greater than 12.23 Oe at about 107 K.

The hole concentration dependence of T, and T is
given in Fig. 7. By increasing the hole concentration,
these critical temperatures increase and then pass
through the maximum points at around p =0.26
holes/CuO and then fall down. This behavior is in agree-
ment with other p-type copper oxide-based superconduc-
tors. In the same figure, midpoint temperature (T ) and
zero resistivity temperature (T,o) calculated from the
normalized resistance curve [Fig. 6(b)] are shown for
various hole concentrations. This comparison is informa-
tive. The midpoint temperatures of the resistivity transi-
tion are very close to the intragrain diamagnetic transi-
tion temperatures and also zero resistivity temperatures
are nearly the same as the intergrain coupling tempera-
tures. The disagreement between these compared tem-
peratures in some samples originates from the difficulty
in the description of them and the inhomogeneity in the
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FIG. 6. Comparison of the ac susceptibility and resistance as
a function of temperature. (a) The hole concentration depen-
dence of the imaginary part (g") and the real part (y') of ac sus-
ceptibilities at 56 mOe. The inset shows an enlarged area of y'
between 0.0 and —0. 1; (b) the normalized resistance of the sam-
ples. The midpoint temperature of resistance ( T ), the in-
tragrain transition (T, ), and intergrain phase locking tempera-
tures ( T, ), are identified in the figures for the sample whose hole
concentration is 0.312 holes/CuO.
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shielding at high temperatures approaches the perfect
value —1 with increasing oxygen content in the lower ox-
idation region. Therefore, the difference between T and
T p reduces as a consequence of the growing fraction of
high-T, superconducting junctions and decreasing inho-
mogeneity due to oxygen at grain boundaries. At higher
oxidation levels, the midpoint temperature shows a small
change due to the small decrease in the intragrain transi-
tion temperature. However, the zero resistivity tempera-
ture drastically shifts toward lower temperature by form-
ing a tail due to the sharp decrease in the Josephson
phase locking temperature. The difference between T.
and T,p grows with increasing inhomogeneity in local
hole concentration at the intergranular region. The value
of T,p is determined by T and the quality of intergrain
coupling is as expected because the sample will have zero
resistivity if there is a completed percolation path due to
Josephson coupling between the grains. '

By increasing the hole concentration, the Josephson
phase locking temperature T approaches the intragrain
transition temperature T, in the lower oxidation region
and the difference between T, and T shows a similar
behavior to the resistivity in the normal state. The resis-
tivity at 250 K (Fig. 8) of the samples decreases monoton-
ically with p and reaches its minimum value as does
T, —T.. Increasing the electron deficiency in CuO sheets
continuously improves the conductivity and raises the
Josephson phase locking temperature at grain boun-
daries. However, higher levels of oxidation result in a
sharp increase in T, —T and enhance the normal-state
resistivity. In La2 „Sr Cu04 samples, Torrance et al.
observed that the conductivity continues to improve
while superconductivity disappears at high hole concen-
trations. However, the resistivity measurements of the
samples which have poor intergranular coupling showed
that the conductivity decreases after its maximum

value. The normal-state resistivity of granular samples
was determined by the resistivity of the junctions. The
decreasing resistivity down to its minimum value indi-
cates a reduction of the grain-boundary resistance. If the
scattering mechanism does not change due to the oxida-
tion state in CuO planes, the carrier concentration in the
grain boundaries increases with bulk hole concentration.
However, the behavior of normal-state resistivity and the
sharp decrease in the Josephson phase locking tempera-
ture indicate that percolation and Aux-pinning mecha-
nisms change and have different characteristics in both
the lower and overoxidation regions.

IV. DISCUSSION

A. Excess oxygen

The prepared high-T, phase was greatly affected by ox-
ygen content and the formal copper valency could be
changed from 2.188(2) to 2.312(4) by controlling the oxy-
gen content of the samples. The oxygen uptake created a
significant variation in the XRD pattern of the samples.
A minor change in the intensity of the (002) and (0010)
reAections and two additional peaks were observed. The
intensity of the additional rejections became stronger
with increasing oxygen content. These additional peaks
were well attributed to (013) and (0111)rellections corre-
sponding to the high T, ort-horhombic phase. The (013)
peak at 20=17.89' had been indexed to Ca2Pb04 or an
unknown phase by some authors. ' However, we
showed that the oxygen content of our samples can be
changed reversibly and the formation of a new phase is
unexpected. The oxygen content also controls the c pa-
rameter and the c parameter decreases depending on the
Jahn-Teller distortions with rising formal copper valency.
These results reveal that the prepared high-T, phase has
the thermodynamic stability and there is a chemical
modification in the structure by increasing the excess ox-
ygen content. This rearrangement does not alter the
space group since the additional peaks observed in the
starting sample have extremely weak intensities. If (011),
(013), and (0111) peaks are ignored, the rellections with
the indices of hkl(k +l =2n +1), hkO(h, k =2n +1),
and Okl(k, l =2n+1) disappear in accordance with the
extinction rule. This means that the space group for the
average structure of the high-T, phase is Amma which is
equivalent to noncentrosymmetric A2aa in the litera-
ture. The satellite Ok/ rejections as (011) were ob-
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served in space-group studies but their effects were not
considered in the Rietveld analysis. ' The hole con-
centrations of the samples used in these investigations
were unknown and we observed that the additional
reflections become stronger, if the hole concentration is
greater than 0.24 holes/CuO. The XRD pattern of the
sample which was obtained under 110 mbar 02 partial
pressure shows (013) and (0111)refiections so clearly that
they cannot be ignored any longer. The observed Okl
reflections fulfill the general condition k +l =2n +1. In
this case, the space group of the prepared high-T, phase
may be noncentrosymmetric AI2a or AI2m.

The occurrence of oxygen atoms as a possible reason
for the existence of the modulation was proposed by Le
Page et al. The systematic increase of modulation spac-
ing is related to the systematic decrease in the excess oxy-
gen content in the BiO layers. The observed modulation
for some Bi& 75Pbo. 2sSr2Ca2Cu20&0+v samples is 7. 12b A
(Ref. 31) and this corresponds to an excess oxygen con-
centration of 1/7. 12=0.140 atoms per formula unit.
The excess oxygen content of our samples is greater than
this value. The excess oxygen per formula unit for the
starting sample (Cu ' ' +

) is 0.301(4) atoms. This value is
0.437(4) atoms for the sample (Cu '

) which was an-
nealed at 110 mbar 02 partial pressure. X-ray mi-
croprobe analysis ' and the refinement of the population
parameters from neutron and x-ray data revealed
the presence of Pb in Ca positions and the occupancy of
Sr sites by Ca and Bi ions. The excess oxygen is inter-
calated into the BiO layers in order to compensate for the
cationic charge imbalance resulting from wrong site occu-
pations. ' Large scale EDX studies showed that there
were 3%%uo local deviations from the nominal composition
of (Bi,Pb)z, Sr2CazCu2 90„ in the superconducting phase
of the sample under investigation. The charge imbalance
of the lattice is increased by the presence of Bi and Pb
ions at the Cu sites and there is only one way for the
charge compensation and that is anion uptake.

B. Intergranular coupling

The influence of the hole concentration on the transi-
tion temperatures is similar to other p-type high-T, su-

perconductors. The influence of the hole concentration
on the intragrain transition and on the intergrain phase
locking temperatures has different aspects. The in-
tragrain transition temperature is not very sensitive to
the electron deficiency in CuO planes between 0.188(2)
and 0.312(4) holes/CuO. For the 110-K phase, the hole
concentration corresponding to the maximum value of T,
was predicted to be 0.25 holes/CuO by Rao and co-
workers. In this study, we observed that T, gives a
maximum value at 109.3 K for p =0.2S9 holes/CuO.
The variation of the intragrain transition temperature is
in a range of 2.5 K. However, the intergrain phase lock-
ing temperature varying in a range of 40 K is strongly
correlated with the oxidation states in CuO planes and
this sensitivity can be understood by anionic vacancy or-
dering phenomena at the intergrain region. The oxygen
diffusion is more rapid at grain boundaries than in the
crystalline lattice so that the composition of the grain

boundaries equilibrates more rapidly than that of the
bulk. The decrease of the anionic vacancy concentration
with the oxygen partial pressure is faster at grain boun-
daries than within grains. In this case, one would expect
that the intergranular phase coherence becomes stronger
and the diamagnetic shielding at high temperatures in-
creases and approaches the perfect diamagnetic value due
to the decrease of anionic vacancy concentration. There-
fore, the effective hole concentration at grain boundaries
continues to improve in the lower oxidation region and
the Josephson phase locking temperature moves to high
temperatures according to the universal correlation of

C

The carrier concentration in the interface region is
smaller than in bulk because of the order-parameter
depression. Therefore, if the percolation characteristics
do not change, the carrier concentration in the grain
boundaries is enhanced with increasing hole concentra-
tion. At high oxidation levels, the sharp decrease in the
Josephson phase locking temperature and the behavior of
normal-state resistivity indicate that the percolation
mechanism and flux-pinning dynamics at grain boun-
daries change. In addition, the inhomogeneities at grain
boundaries increase. In this region, although the hole
concentration and intragrain properties can be changed
reversibly, the intergrain properties and the normal-state
resistivity are not exactly reversible. This may originate
from the formation of a new intergrain layer, larger than
the coherence length at T in the overoxidation region.
In this case, the possibility of a second phase formation
(such as a low-T, phase) at grain boundaries with oxygen
uptake cannot be ruled out, although there is no direct
experimental evidence. This reordering may also be a re-
sult of the interface growth by adsorption of excess oxy-
gen. If this is the case, the hole concentration at the in-
terface increases and this enhances superconductivity.
On the other side, if the attractive interaction of the
Cooper pairs is caused by some kind of fluctuation such
as spin fluctuations and/or charge fluctuations, excess
holes will weaken the fluctuations and interactions, caus-
ing a local weakening of superconductivity at the inter-
face. However, a similar effect may originate from a
short-range antiferromagnetic-ferromagnetic ordering
due to oxygen content at the grain boundaries.

V. CONCLUSIONS

In this study, a thermodynamic stable phase of a 110-K
Bi superconductor was prepared and the hole concentra-
tion was changed in a wide range by controlling the oxy-
gen content. The change in the hole concentration was
determined by the measurements of the formal copper
valency and the anisotropic Jahn-Teller effect of copper
along the c direction. The oxygen uptake creates a
significant chemical modification in the structure and
consequently, two additional reflections were observed in
the XRD pattern of all the samples. These additional
peaks have also been reported by Bansal et al. in some
multiphase Biz Pb Sr2CazCu30&0+& samples whose lead
content was between 0.0 and 0.6 (Ref. 38). The authors
have proposed that the amount of Pb + ions in the BiO
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layers increases with the lead content and the c parame-
ter decreases depending on the Pb + concentration. On
the contrary, the photoemission studies showed that the
valence of Pb in BiO layers is +2 and there is no evi-
dence for Pb + (Ref. 10). The Pb addition also influences
the stacking defects inside the grains of the supercon-
ducting phase. ' Therefore, the diffusion limitations may
vanish due to the lead content. In this case, the oxygen
content can be raised and a decrease in the c parameter is
expected. In the (Bi,Pb)-0 layers, the oxygen moves off
the center of a distorted (Bi,Pb) square toward a position
near either one (Bi,Pb) atom (Amma) or two (Bi,Pb)
atoms (A2aa) (Ref. 27). The off-center occupation de-
pends on the modulation spacing which is related to the
excess oxygen content. These displacements also cause
the movement of the cationic positions. When the off-
center occupation becomes nonrandom, a correlation of
these off-center displacements will have a strong effect on
the diffraction pattern. The observed additional peaks
may be caused by noncentrosymmetric displacements due
to excess oxygen content.

The electromagnetic properties of the samples were
affected by the granular microstructure. The stepwise
behavior of ac susceptibility indicates a suppression in
the order parameter at grain boundaries. ' Nevertheless,
there always exists grain-boundary potential barriers in
polycrystals mainly because of the lack of perfect con-
tinuity. The order parameter shifts in this region from
the bulk value due to the boundary crystallography. This
shift is correlated to the variation in co~position within
crystallographic mismatches. Although the anionic va-
cancy concentration can be decreased by reannealing un-

der oxygen atmosphere, the cationic vacancy concentra-
tion cannot be controlled by such a procedure. There-
fore, there always will be a suppression in the order pa-
rameter at grain boundaries. However, this suppression
can be minimized in a sample with an oxygen content
corresponding to the maximum value of T„as observed
in this study. On the other hand, we observed that the
midpoint temperature of resistivity transition and zero
resistivity temperature are very close to the intragranular
transition and the Josephson phase locking temperatures,
respectively, revealing that the percolative character of
carriers is closely related to the fiux-pinning dynamics.
This relation is also very sensitive to the inhomogeneity
in local hole concentration. The kinetics of oxygen inter-
calation are accelerated by shifting the annealing partial
pressure of oxygen and temperature to higher values and
the homogeneity in local hole concentration due to oxy-
gen content decreases. All experimental results exhibit
the inhomogeneity in Josephson coupling energy and the
degree of the order-parameter suppression at grain boun-
daries can be controlled by an annealing procedure under
appropriate oxygen partial pressure. These results are
very noticeable in the design of high-T, superconductor
devices.
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